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Rotational dynamics of methyl groups in m-xylene
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Methyl group dynamics of m-xylene was investigated by using incoherent inelastic and quasi-elastic
neutron scattering. Inelastic measurements were carried out at the high flux backscattering
spectrometer HFBS at the National Institute of Standards, quasi-elastic measurements at the
time-of-flight spectrometer NEAT at the Hahn-Meitner-Institute. Rotational potentials are derived
which describe the tunnel splittings, first librational, and activation energies of the two inequivalent
CHg; groups. Indications for coupling of the methyl rotation to low-energy phonons have been
found. The finite width of one tunneling transition at He temperature is described by direct methyl—
methyl coupling. The combined results of the experiments and the calculations allow a unique
assignment of rotor excitations to crystallographic sites.2@5 American Institute of Physics.
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I. INTRODUCTION neutron scattering experiments, which provide detailed infor-
mation on the potentials determining the dynamics of the
The fundamental quantities that determine the spatial amethyl groups.
rangement of the atoms of a molecule and the dynamics are Before beginning to describe the experimental results we
the intermolecular interaction potentials. An exact knowl-recall some properties of m-xylene relevant for this work.
edge of these potentials allow one to calculate the crystatrystal structure and calculated dynamics
structure and lattice dynamics of any molecular system. Cal-

culating the lattice dynamics, even if the crystal structure of The crystal structure of m-xylene was solved recently
g y ' Y using the high-resolution powder diffractometer HRPD at the

a mqlecular system is k_nown, i_s very complex and time Conygis Facility, UK® using a deuterated sample. The space
suming. However, the increasing power of computers comg oy is Phca with eight molecules per unit célk-8. The
bined with force-field and quantum chemistry molecular-aromatic ring is essentially planar exhibiting slight angular
dynamics software allow the numerical investigation of thedeformations at the sides of the substituents. The rotational
low-energy dynamics based on individual atom—atom interorientation of the methyl groups with respect to the aromatic
actions. Using this technique the methyl group dynamics inring is different: One methyl D atom is essentially perpen-
e.g., paracetamol and acetanilide was modeled by Johnsgticular to the plane whereas in the other group a deviation of
et all and in 2,6 dimethylpyrazine by Nicolat al? Another ~ 19° from this perpendicular direction is present. Structural
possibility of addressing this problem is to model the dynam-Properties of the crystal are given in Table I.

ics by using simplified, semiempirical interaction potentials ~ FOr an isolated m-xylene molecule both methyl groups

commonly known as transferable pair potenti@®P). The undergo nearly free rotation rotation. However, the crystal
. . . Lo ' . structure imposes a hindrance for methyl reorientation. By
most important point of this approach lies in its transferabil-

i which. of imolifies the th tical d ot using the crystal structure and TPP the tunneling, first-
Ity which, of-course, simplifies the theoretical descriplion ., ational, activation energies as well as the potential param-
molecular crystals see, e.g., Ref. 3 for the dynamics of CH

) A ~"eters have been calculat@énd are summarized in Table I1.
groups in 2-butyne or Ref. 4 for the dynamics in acetamide.

In the present work we discuss the experimental results oﬁ THEORY

The single particle modelSPM), which describes the

dAuthor to whom correspondence should be addressed. Also at: Bragg | ; .
stitute, Australian Nuclear Science & Technology Organization, New IIIz:‘t-rHynarnICS of many molecular crystals containing, e.g.gCH

wara Road, Lucas Heights, PMB1 NSW 2234, Australia. Telepheitd- ~ 9rOUPS, assumes an isf)late(_j group W_hose reorientations are
2-9717 9452. Fax:61-2-9717 3606. Electronic mail: oki@ansto.gov.au hindered via its interaction with its environment. Often these
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TABLE |. Structural properties of the deuterated m-xyléRef. 5. Atomic positions of atoms belonging to the
respective methyl group and the assigned tunneling frequency are shown as well.

a=10.1550 A
Cell b=7.4649 A
parameters c=16.8841A
Space group Pbc@No. 61)
z 8
Geometry orthorhombic
Method Neutron diffraction
Atom x/a y/b zlc hw in peVv
C(1M) 0.5817 0.2672 0.2684
CHjy D(11) 0.5028 0.1995 0.1540 25.15
group #1 012 0.6172 0.2341 0.1511
D(13) 0.5636 0.4097 0.1734
C(3M) 0.3984 0.3082 0.4594
CH, D(31) 0.3179 0.2143 0.4642 13.92
group #2 032 0.3558 0.4311 0.4401
D(33) 0.4380 0.3254 0.5180

reorientations occur about a fixed axis and, in the case of @ansition to the first excited librational state and the activa-
CHgs group, the potential that hinders reorientation can beion energy. Therefore, only two potential parameters of
expressed as a function of a single angular coordinate. Thé(¢) can be determined andg was set toag=0° within
total potential energy depends on the symmetry of the rotathe SPM approach.

ing group (G) and that of the environment. The rotational

potential is often represented as the sum of the first two

terms of a Fourier expansion A. Scattering function for rotational tunneling

2
V3 1 i _
Vil ¢) =Vo+ nzl > "[1—cog3ne+ as)]. 2 In a neutron scattering experiment one measures a quan

tity proportional to the scattering functio8(Q,w). For
guantum rotational tunneling among three equivalent sites
éthe scattering function is given by

The potential of Eq(1) determines the rotational excitations.
In the SPM approach these excitations are given by the s
lutions of the Schrdinger equation
H[W;)=E[¥)),
h? d?
T2 g2 Vil @)

S(Q,0)=[3+5i0(Qd)]6(w)

(2 +H1-jo(QdI( (0= w)+ S(w+wy)), )
‘l,i: Ei\Ifi .

where Q is the magnitude of the wavevector transfer,
. nertia arid jo(Qd)=sin(@Qd)/(Qd) the zeroth-order spherical Bessel
| is the molecular moment of inertia anid/(21) the rota-  nction, andd=1.78 A the distance between H atoms of the

tional constanB having a value of 0.655 meV for a methyl ¢y group. Equation3) contains one elastic and two inelas-
group. In order to obtain the energy levels it is sufficient toy;. lines, the latter at energy loss of the neutrding, and
consider space coordinates. The space wave functions aergy gain—f ;.

expanded into free rotor functions) =expime) according
to Y;==,an,/m) and the eigenvalues of the Hamilton ma-
trix H,, are calculated by numerical procedures

If a tunneling spectrum contains more
than one transition the scattering function is a superposition
of single particle spectra weighted with the occurrence prob-
abilities p,, of the respective species. Whereas in the isolated
(m[H[n)=E{(m|n). molecule both CH groups are equivalent they are inequiva-

. . _ lent in the crystal an®(Q,w) of m-xylene becomes
Parameters of rotational potentials can be derived from ex- y (Q.0) y

perimentally determined transition energies and by choosing
arbitrarily Vo=0 meV anda3=0° in Eq.(1). In the follow-
ing sections two experimental values will be obtained, theW

S(Q,w)=p1S$1(Q,w) +pP2S,(Q,w),

ith p;=p,=1/2 as derived from the crystallographic struc-
ture. Since Eq(3) is valid only for T=0 K, the 5functions
TABLE II. Potential parameters derived by using the crystal structure andare replaced by Lorentzians with a given full width at half
transferable pair potentialRef. 25. maximum (FWHM) I" for T>0 K. The broadening of the
observed tunneling lines with increasing temperatlires

calc calc calc calc calc
fi oy Eo Eq V3 Vg

[ueV] [meV] [meV]/ikd/mol] [meV] [meV] described as an Arrhenius l&w
11.6 11.9 25.9/2.5 31.2 1.9 Er
24.4 10.5 17.6/1.7 25.2 -0.9 =T.. _
I(T)=T, exp( kBT>. (4)
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To a good approximation the line broadening is caused by T ' L ' T

At elevated temperatures reorientations can occur when
the single particle has enough thermal energy to hop over the

S
A

T ~—
{‘f
|

t
b
'

=
the transition to the first librational level at enerfy, and i L " B 75K ]
thus Ep~Eq;. Therefore,Eq; can be obtained from fitting g 0.t - I’\ ]
the experimentally obtained valueslofT) againstT or 1/T. :2 | f ' i
L _
B. Scattering function for quasi-elastic scattering i { ‘d, |
0.05 |- -

barrier. The scattering functid® Q, w) for a powder sample \
with protons jumping between three equivalent sites on a 0 M

circle with a jump frequency is given by 0 20 Energy trans?gr in eV
3
—p FIG. 1. Tunneling spectrum of m-xylene at 7.5 K. Two peaks are visible at

hw=13.92ueV andhw,=25.15ueV.

: ©)

~v| +w?

2
with the pre-factorsAy(Q)=31+2j,(Qd)] and A;(Q)
=1-j,(Qd)].2 Again, Q is the value of the scattering
vector andd the jump length, i.e., the proton—proton distance
of d=1.78 A inside the CKlgroup. The width of the Lorent-
zian in Eq.(5) is given byI'=(3/2)v. Since the proton jumps
are thermally activated processes the jump frequenagd,
therefore, the linewidtl™ of the Lorentzian depends on the After a first high-resolution experiment at the IRIS spec-
temperature and shows an Arrhenius behavior, too. The actitometer of the ISIS spallation source, which showed for the
vation energyE, which yields the energy difference between first time two tunneling systems and a set of measurements at
the ground state and the maximum of the methyl rotationathe Jiich backscattering spectrometer the final inelastic neu-
potential can be obtained by replacikg by E, in Eq. (4).  tron spectrum was obtained using the high resolution back-
Of course, the prefactdr, will change accordingly. Due to scattering spectrometer HFBS at the National Institute of
its two inequivalent methyl groups the reorientation ratesStandardgNIST) in Gaithersburg, MD, US. The lowest tem-
result(ideally) in linewidthsT'(") that have different tempera- perature of 7.5 K was achieved using a closed-cycle-
ture dependences. This specific temperature dependencergfrigerator. The energy transfer varied withir86 ueV with
used to determine the group specific activation enefgis ~ an energy resolution ofE=1.01 ueV at the elastic peak at
Again, the experimental scattering functi§(Q, ) is a su- an incident wavelength ok=6.27 A. The spectrum yields
perposition of individual scattering functions as mentionediwo sets of tunneling lines dtw;==*13.92ueV andfw;
earlier. =+25.15ueV, see Fig. 1. The integrated intensities of the

tunneling peaks are the same, verifying the crystallographic
occurrence probabilities @f; = p,=1/2. To obtain values for

Il EXPERIMENT the librational transitions, the temperature dependence of the
A. Sample preparation FWHM of the observed lines was used, see Fig. 2.

The widths of the two tunneling lines were obtained by
fitting the individual line widths at 11 different temperatures
"Within the range of 7.5 KT=<24K. A simple Arrhenius be-
havior, as given by Eq(4), does not satisfactorily describe

1 2
S<Q,w>=Ao<Q>a(w>+A1(Q>;<3—z

(3) convolution of the theoretical spectrum with the resolu-
tion function;
(4) fit and comparison with the measured spectra.

C. Inelastic scattering

The sample material is commercially available from the
Aldr|ch company and the chemical purity was better than
99%?2 The boiling point of~139 °C did not require any spe-
cial sample preparation besides standard laboratory prepara-
tion procedures. The sample container used at the HFBS
spectrometer was a hollow cylind€rand the one used at the

NEAT spectrometer a flat shaped aluminum container. The g L T TR T
latter one was oriented under 45° in the neutron beam. Thez, Q A 15K
amount of sample material was chosen to get a scatteringg 0.15 |- ch };ﬁ
probability of 25%. ‘_E, ¢ 23K

0.1

B. Data processing

The experimental data obtained were transformed into 005

S(Q,w) using standard programméRefs. 11 and 1Rto
derive the relevant physical parameters. The evaluation in- 0

L I I O

SRR SR REN BN RN SR A SR

30

. 0
volved the following steps: Energy transfer in peV
1) BaCkgr_Oun_d subtraction; . ' FIG. 2. Temperature-dependent line broadening and positional shift of the
(2) determination of the resolution function; tunneling lines of m-xylene.
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2 10 + hw=13.92 pueV
§ | £,=12.6 mev (£0.3 meV) ] I i
= L ] ol 1 o v L .
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5 |- ] Temperature in K
- ] 5 252 —— . . \man —T .
Q
L ] 3 L i
=1 I | Ll | = E -
10 15 20 25 S ]
Temperature in K 2 25 |- Line 2 i
(a) i ]
> LU SN L B P I [ M el
3 25 . 75 10 12.5 15
=1 B ] Temperature in K
= L |
[:c 24 ] FIG. 4. Temperature-dependent shift of the observed tunneling lines up to
38 C ] 15 K. The position of the 13.92eV peak increases with increasing tem-
= L - perature up to 13 KLine 1, top. Above 13 K the expected behavior takes
23 r 7 place. The 25.1eV tunnel peak shows expected temperature dependence
C ha(0)=25.15 weV (£0.01 wev s (Line 2, bottom. The lines are guides to the eye.
[ Ew=9.0 mev (£ 0.3 meV) h
22 _— Model A ]
L | | | ] “classical” Arrhenius form of Eq.(4). The presence of a
i S | | | | | T - =

10 15 20 25 linewidth at low temperatures may also be indicative of some
Temperature in K disorder, which will be discussed later on.
e temperature-dependent shift of the center of the tun-
(b) The t ture-dependent shift of the center of the t
FIG. 3. Temperature-dependent FWHM line broadening of the two tunnel-ne“n.g lines Caﬁ prOVIde. additional mformgtlon on the micro-
ing lines in m-xylene. The data were collected in a temperature range o8COpIiC dynamics. The line at 25.}&V shifts to lower en-
7.5K=T=29K. The fitted range was chosen to be between 7.5 and 24 Kergy transfers with increasing temperature and shows an
“expected” behavior. However, the line at 13.92eV
slightly shifts to higher energy transfers as the temperature

the temperature dependence of the linewidth. A seroincreases to 13 K before decreasing with subsequent tem-

. e perature increase, see Fig. 4. A similar behavior with increas-
temperature nonzero linewidth is necessary, thus(®&dpe- .
comes ing temperature was also observed, e.g., in sICH

(NH,),SnBr;,*® or (NH,),ZnCl,.*
+C. (6)

I'(T)=T Er
(T)=Tg-ex KeT

_ D. Coupling to phonons

Using Eq.(6) one can obtain values for{lE by fitting I'(T)
as shown in Fig. 3. The parameters obtained from a Ieas;ho
square fit are shown in Table IlI. 7 . - S

The introduction of the parameté in Eq. (6) may be well.” By using a modified exponentlal. similar to E®)
interpreted as a hint of phenomena such as coupling between sin o
the librations of neighboring proton groups. Punkkinen intro- ho(T)=hoy(0) 1A exp — KeT
duced a modéf taking into account coupling between pro- »
tons of neighboring methyl groups, whose extension to théModel A the temperature-dependent positions of the peak
SPM approach results in E¢6). Note that in the limit of with a low-temperature value of 25.1keV can be well de-

C<TI'y-exp(—Er/kgT) the expression in Ed6) becomes the scribed. Applying the same model to the peak at 13.8¥
does not fit the data with the same quality. One possible

explanation for this unusual temperature-dependence is ori-

entational hindering due to intramolecular forces. However,
TABLE lll. Parameters obtained using the modified Arrhenius model to gy initio calculation showed that this effect is negligible.
describe the temperature-dependent line broadening of the tunneling pealﬁg‘.noﬂ,u::r possibility is that a coupling exists between the tun-

Although a theoretical description of the line shift is
re complicated, theory predicts an Arrhenius behavior as

. (7)

hoP® EgP T c neling rotor to low-frequency phonons, modulating the

[ueV] [meV] [ueV] [ueV] single-particle potential, resulting in an increase of the tunnel
13.92(=0.00 12.6(- 0.3)omny 2.420.4) 15(0.00 spll'tt|ng'W|th increasing temperaturg. A 5|mpI|f|e'd Ham|l-
25.15(+0.01) 10.6(= 0.4)r i 15+03  2.8(+0.03 tonian simulating the phonons as a single harmonic oscillator

with dispersionless Einstein modes is given by
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TABLE IV. Parameters obtained from fitting the experimental values of the temperature-dependent line shift
according to Models A and B, see text.

fi,(0) Ecos EST
Model [ueV] ACos Asin [meV] [meV] X
A 13.96(=0.00) 60.6 13.3+0.3 4.2
B 13.88(+0.02 0.03 32.9 0.8+0.1) 11.4+0.4) 2.8
A 25.15(*+0.01) 9.9 9.0+0.3 0.9
B 25.14(+0.02 0.29 8.7 6.0-0.5 8.9+0.9) 1.0
L2 P2 m lattice parameters shows some anisotropic variation of the
H= ﬁ +tVzCosdp+ o+ w?x? lattice parameter. The parametera andb slightly increase
whereag slightly decreases with higher temperatures. How-
2me _ ever, in the temperature range of 7.5K<15K these
+ Tx{gcosCOS?KP+gsin5m 3¢} (8 variations are small and the model of coupling to phonons

S ) ) seems to be an appropriate choice.
The Hamiltonian in Eq.(8) includes a cos-term, which

modulates the amplitude and a sin-term, which shifts the

rotational potential. The numerical solution shows that theE- Line broadening

tunneling frequencies of two adjacent oscillator levels have  As mentioned earlier the structure determination of
approximately a constant ratidiw(n+1)/hw(n)=1  m.xylene reveals two inequivalent GHjroups with occur-
+A*with A°*being a coupling parameter to phonons. Therence probabilities op,=p,=1/2. In a neutron scattering
following empirical equation for describing the temperatureexperiment this leads to identical integrated intensities of the
dependence of the tunneling lines, based on the Hamiltoniaghserved inelastic lines. Normally, if one assumes no orien-

in Eq. (8), is applied(Model B:* tational disorder, all parameters of the rotational potential are
{ 1—exp( — E©9KgT) o-distributed implying that, e.g., grystallogrqphic equivalent_
hoT)=hw(0) methyl groups see the same environment, independent of its
1—(1+A%exp —E®YkgT)
—Asexp( —Egi/kgT) |. 9 3 W[ T
- i i
Here the first term in brackets encapsulates the effects of e i ]
phonons modulating the potential barrier wh&® is an g 13| —
effective phonon energy. The second term represents the sin- = i ]
coupling resulting in a shift of the tunneling frequency to - hw(0)=13.88 ueV (£0.02 ueV)\
lower values if the temperature increases. The Arrhenius be- 12 [ En=11.1 meV (£ 0.4 meV) 3 ]
havior is thus obtained for high temperatures. Parameters C ogel & .
obtained by fitting the two models to the experimental data i i
are given in Table IV. L H
Looking at Table IV, statistical considerations would fa- 10 15 20 25
vor Model Bas the best description for the 13.82V tun- Temperature in K
neling line according to(Z,4el < X210del » The same con- (=)
sideration would favoModel Afor the 25.15ueV tunneling
line because ofxZoqel 5 Xaogel 4 CONSIStENt with the % s [l T
theory is the predictiorEg;'<Er~Ey; based on statistical = N h
considerations. The value &j]'=13.26 meV obtained by o r ]
using Model A contradicts theory since the value derived F 24 - ]
from the line broadening i&;;=12.6 meV, the assumption = C ]
of coupling. The fit according to both models is shown in 273 [ .
Fig. 5. [ hw(0)=25.15 ueV (£0.01 ueV. ]
A third possible explanation for the unusual temperature- [ Ew=9.0meV (0.3 mev) ]
dependence of the 13.92eV peak is a temperature- 22 [~ Model A ]
dependent expansion-contraction of the lattice parameters. o

Since the shift occurs for one tunneling peak only, there

. . . . 10 15 20 2
should be an axis-dependent expansion—contraction, which Temperature in K
would influence the local environment felt by the methyl (b)

group th_’se tunnel-splitting at Iow-temperatgre _iS 13.92G. 5. Least-squares fit of the temperature-dependent shift of the tunneling
peV. A refined temperature-dependent determination of thénes.

W
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location in the crystal. Under this condition Eq%) and(2) Energy transfer in eV

allow one to extract the potential parameters. Thus if the , > 5 2 = » %

occurrence probabilities are the same and the potential dis-z 3

tributions ares-functions, then both the integrated intensities

and the spectral peak heights should be the same.
However, the low temperature inelastic neutron spec- s |

trum, Fig. 1, shows that both peaks have the same integratec i

intensity but different peak heights. Since the instrumental

y, au.

0.1 —

Intensit

)

R
2 3 5.67ue\/

-1 0.05

resolution is constant over the whole energy range, an intrin- ~ © == 00 00 Ss—
sic width, which can be seen easily for the 2546V tun- Channel

neling peak, must lead to a decrease of the peak height. The Energy transferin peV

assumption of constant instrumental resolution together with x ~ F——r——3r—F———F————F7—

the model applied in Sec. Il C implies that this intrinsic line & °® F R

width is of a physical nature.

0.01 |

Difference Exp.-F

0 F

1. Coupling of librating methyl groups

Since from statistics follows that the temperature depen- ' |

dence of the tunneling line at 13.92V can be described in 002 | 100
terms of phonon coupling the transition at 25/4&V may be w0 o

related to coupled methyl libration as discussed by Punkin- Channel

nen. A simple Hamiltonian that can be used to couple twcFIG. 6. Fit of the experimental data at 7.5 K with a model that couples the

methyl groups to each other is given by libration of two equivalent methyl groups. There is reasonable agreement
between the data and the fit.
H=H;+H;+Wy,, (10
with the single particle terms
2 Va meV up to~12.4 meV are calculated. By assuming disper-
Hi=—Bi—+ i(l—cos ), i=1,2, (11 sion of librational modes within the Brillouin zone it can be
@ 2 understood that no distinct librational peaks were observed

where B, denotes the rotational constant of the methylin @n earlier experimeﬁﬁ Furthermore, the results are con-

groups. If the coupling depends on the differences of orienSiStent with Ref. 19 in which it is explained how a coupling

tations onlyW,, can be expressed as term.W3<0 countgracts the.smgle particle poten¥fal, thus
making the effective potential harder.

Wip=W;3cog3¢;—3¢)). (12) It should be mentioned as well that the tunneling peak at

Calculations shoW that for crystallographically equivalent '0wer energy transfers is well described as a single peak only

and identical particles/s= V=V, andB; =B, the libra- with 6 w,=0 neV indicatingW;=0 meV. Again, the crys-

tional ground state consists of four tunneling sublevels and@! structure shows that the methyl groups that see the poten-

transitions betweeAA— AE, AA—E,E,, AA>E,E, and tidl causing this tunneling transition are arranged almost per-

E,E,—E.E, are possible. pendicular to each other. This geometry leads to a much
A fit of the experimental data, in particular the secondWeaker (not-observable coupling at similar intermolecular -

peak at higher energy transfers, Fig. 6, yields a main tunnefistances contrary to the almost parallel and in-plane ori-

ing transition, representing theA— AE transition, offiw,  €Nted methyl groups.

=25.67ueV. From the peak positions of the Lorentzians

used to fit the experimental spectrum we obtaifhw;,

=—0.97ueV. The diagonalization of the Hamiltonian given 2. Rotational potential distribution

in Eg. (10) vyields transitions for the combination of

(V3,W3)=(14.73meV;-6.07 meV), which are shown in

Table V. The mean value of the tunneling transitiorf is;

=25.13ueV and the experimental peak at about 253/

could be interpreted as being an average value. Diagonali

ing the model hamiltonian allows to calculate, e.g., the acti-

vation energy, which is taken as the distance between the

ground-state energy and the saddle point of the potential SUFABLE V. Calculated transition between the ground-state sublevels for the

face V(¢1,¢,). For the derived {3,W;) combination we experimental tunneling peak at higher energy transfers.

obtain a value oE,=15.7 meV which is very close to and

Of course, coupling of motions may not be the only
explanation. A second possibility, briefly described in the fol-
lowing, assumes that a random distribution of different
p_eighborhoods may be the reason for the observed line

consistent with the experimental value obtained from quasi- Symmetry Transition in«eV
elastic experiments described in Sec. Il F. Contrary to the AA— AE 25.67
SPM the coupling leads to a more complex scheme regarding 22: EaEb gg'gg
the transitions to excited librational states. Here, transitions E.E, — E:E: 0.33

between different states of symmetry in the range~G%.8
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> 60 — T T T T T T T T Channel
g ] 500 600 700
= Fos b El T T
g . 3
© o~ iy :  14.18ueV
> o hvi=Asexp(—(Vs/B)®) _ & G 14 b
3 Y0 . ' ’ g o V,=27.45mev 0l
] i 1 E 5V= 0.52meV
Z N . 1 25.34ueV i
& r S 1 L M V,=22.99mev ]
R T - 0.05 |- ,  6V;= 0.40mev — 0.05
=] r ., p o B
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g . S 1
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Tunnelling energy hv, in peV Energy ansfer in peV

Channel

FIG. 7. Line shape of an arbitrary tunneling line depending on the normal
distributedV; part of the rotational potential in case of orientational disor-

der. Here an exponential dependence of the tunneling energy on the potentiasi

has been used for illustration. g oorp

0.02

xp.-Fit

Difference

0 F

shapes. A simple approach constrains the rotational potentia % |

to theV; part of Eq.(1) and assumes this part is to be normal ooz | | | | |
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Energy transfer in peV
2
g(v(ﬁwt)) = —eX,{ — E(M) ) ) FIG. 8. Fit of the tunneling intensity distributions according to Eif).
(2m)Y2. 5V, 2 oV3
(13
and the distribution of the tunneling intensities can be ob+ Quasi-elastic scattering
tained from ) o _
. In order to obtain values for the activation energy eight
(hwg=—g(V(hwy) d(ﬁwt(V))) (14 quasi-elastic spectra were collected in the temperature range
t t dv ' of 40.42 K<T=<90.28 K using the multi disc-chopper spec-

The coordinate transformation is schematically shown in Fig.tr%nl;et?rrhNEAT;t trt1e Hathn—Meltn(Tr-ln?rt]ltL(tldMl )r’] Berlmi b
7 and reflects the asymmetry of the observed tunneling Iin§ - | € Incigent neutron wavelength was chosen 1o be

due to its exponential dependence on the rotational potential .:7'0 A correspondmg to an energy resolution akf=50
Parameters of the potential distributions fitting the Iow—".‘e.v at the elastlc. line. The energy transfer range used for
temperature tunneling spectra are given in Table VI ancI'mng thg data varied from-0.4 to 0.4 meV. .
shown in Fig. 8. The assumption of a Gaussian distribution . Again, the collected data were transf_ormed IB(Q, )
sing standard procedures. The experimental spectra and

f potentials describes th t bly well, esp&=" _ : )
OF potentials cescribes the Speciitim reasonably we GSptthelr broadening, see Fig. 9, were analyzed with respect to

cially with regards to the asymmetry of the tunneling peak a _
Ty Wi garas Sy y N ng p the temperature dependent FWHM of the Lorentzians ac-

25.15 ueV but | t d the fit ing th - ) . .
pling peV butis not as good as fhe it assuming the cou cording to Eq.(4). During the data processing the relative

The relative disorder is similar in magnitude for both intensities of the two Lorentzians were fixed at a ratio of 1:1

lines. However, the asymmetry of the line shape is much Iesgccordmg to their occurrence probabilipy =p,.
apparent for the lower energy tunnel splitting than it is for
the higher one. As suggested in Fig. 7, the line shape for a

smaller barrier appears more symmetric than hat due to a 5 05 7 ——
higher barrier. Since no method is so sensitive to disorder i ® 4042K
like rotational tunneling spectroscopy, see, e.g. Ref. 22, the 8
X . R o 04 W 4530K
observed line broadening could indicate the presence of &
A 5500K

some long-range misorientations of the crystal lattice but no
disorder was reported during the structure determindtien 03
sides the angular deformations mentioned earliahich

would endorse this model. 02

L I L L L L I B L
TR RIS BRI SRR

TABLE VI. Potential distributions derived from the tunneling positions and 0.1
line-widths.
fiw, Vs V3 Intensity 0 - h
[ueV] [meV] [meV V3 IVg [a.u -0.4 0.2 0 0.2 04
Energy transfer, meV
14.2 275 0.5 0.02 1.0
25.4 22.9 0.4 0.03 1.0 FIG. 9. Quasi-elastic spectrum of m-xylene and the temperature dependant

line broadening, shown at three different temperatures.
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'
—

. P AL as the activation energies quite accurately if the SPM results
Line 1: Ba= 19.7(54.1E-02,,,) meV 7] are understood as mean values, in particular regarding the
tunneling transition at higher energy transfers.

Another representation of the rotational potential is pos-
sible by defining the paramete¥sS=|V;|+|V¢| as well as
6=V3/VS. VSdescribes the strength of the potential ahd
characterizes the deviation from a pure threefold potential.
Values of these parameters are given in Table VIl as well. As
can be seen, the deviation from a pure threefold cosine po-
tential is small and may confirm the procedure used in Secs.
15 20 25 ITE1 and IIIE2 in which only theV; component of the

©=1000/T, T in K potentials were taken into account.

1
[ %

LA A A AN A B R B

In("), " in meV

'
w

[ TR R A RS

Y

V. ASSIGNMENT

¢
—

ine 2: Ea= 14.9(+1.0E-02_, ) meV

stat:

In the crystalline state, rotational tunneling frequencies
of methyl groups are very sensitive probes of the local envi-
ronment, as already mentioned. Thus obtaining different tun-
neling frequencies means that different methyl groups are
either coupled or see different local environments. An unam-
biguous assignment of a tunneling frequency to the respec-
tive methyl group can be done by, e.g., following the relative

15 20 25 intensities of the tunneling peaks as a function of momentum
©=1000T, TinK transfer along a particular crystal plane. This technique re-
FIG. 10. Arrhenius plot of the temperature dependence of the widths of thélUires not only the knowledge of the crystal structure but a
observed quasi-elastic lines. single crystal as well. By using single crystal experiments
methyl groups were assigned to tunneling frequencies in,

e.g., 2,6-dimethylpyrazifé® or tribromomesitylené* An

The widths of the Lorentzians at different temperaturesassignment of Ckligroups to tunneling frequencies using a
show an Arrhenius behavior according to B4) with Er  powder sample is possible if the crystal structure is known
replaced b}Ea For both lines a Ieast'squares fit to the line- and the dynamics can be modeled by7 e.g., using harmonic
widths was performed as shown in Fig. 10. The pre-factorgpproximation in combination with transferable pair poten-
I’y were calculated to be 4.6 and 5.1 meV and are consisteRfa|s or ab initio and molecular-mechanics calculations in
with the attempt frequency found elsewhere for methy'reasonable agreement with the experiment.

In(I), T in me
P ;

U
[\

LI L L L L L LB LB B

sb
W

I N A I A

groups. From the least-squares fit, activation energies;of By combining the experimental results with the informa-

=19.7 meV andE;=14.9 meV were obtained. tion given in Ref. 25 it is possible to assign the observed
tunneling lines to the crystallographic GHjroup. The as-

IV. PARAMETERS OF THE ROTATIONAL POTENTIAL signment is shown in Fig. 11.

WITHIN SPM

Bes@es the. hints of coupllng.the resulj[s of the melastlch_ CONCLUSION

and quasi-elastic neutron scattering experiments are used to

derive two parameters of the Fourier-expansion of the poten- The rotational dynamics of the methyl groups of
tial given by Eq.(1). By choosing arbitrarilya3=0°, V, m-xylene has been investigated by using incoherent inelastic
=0 meV and using a rotational constant B&=0.655meV  and quasi-elastic neutron scattering. The high-resolution ex-
for the respective Cklgroup, the values displayed in Table periment, using the HFBS spectrometer at NIST, showed two
VII were obtained. The SPM model used to describe thdunneling lines, with mean peak positions at 13.92 and 25.15
dynamics of the methyl group rotations represent the experiueV, and their relative integrated intensities agree with the
mentally obtained values for the librational transition as wellcrystallographic results predicting methyl groups of equal

TABLE VII. Calculated rotational parameters based on the observed tunneling energies of m-xylene and their
temperature-dependent behavior.

ho® ESP ESP vPem vepm ESm ESPm VS
[ueV] [meV] [meV] [meV] [meV] [meV] [me\/] [meV] 8
13.92 12,6y 19.7 26.2 2.3 11.6 19.7 28.6 0.92
11 Inie
25.15 10.6uhm 14.9 21.2 34 10.6 14.9 24.6 0.86
9.0hite
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model. In addition, the more extended excitation scheme re-
garding the librational transition combined with some disper-
sion could be an explanation for the lack for librational peaks
in the experimental spectrum of the VDOS.

An inhomogeneous distribution of the threefold part of
the potential was also considered but since there was neither
disorder nor significant distortion of the crystal lattice ob-
served, we believe that coupling is the appropriate model to
describe the experimental data.

Finally, by combining the information from previous cal-
culations with the experimental results it was possible to
assign the crystallographically identified methyl groups to
the experimental tunneling energies.
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